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"' - 1.0 SUMMARY

An engineering design study program, August 15, 1962 to November 15, 1962,
has been conducted to determine the suitability of using a thin magnetic film
plated on a wire substrate in a spacecraft memory system of approximately one
million bits. The memory system is for the storage of science instruments

command and control program data and as a buffer store for data from the instru-
ments.

The study program was conducted under Jet Propulsion Laboratory Contract No.
950333 and statement of work SW-2893, Revision A. In addition to the measure-
ment of the electrical parameters and performance of the plated wire memory ele-
ment, the following design considerations were studied:

A. Destructive vs. nondestructive readout.

B. Random vs. sequential access.,

C. Data transfer rates.

D. Combinations of magnetic and semiconductor elements.

1,1 Develo t

Measurements made on a number of‘plated wire samples show:

a. Successful operation of adjacent bits of stored information at a
density of 25 bits pe- inch of wire. Some wire semples were suc-
cessfully operated at a bit density of 50 per inch.

b. True nondestructi:e readout of the stored information by appli-
cation of a magnetic field parallel to the wire = (parallel to
the hard axis of the magnetic thin film).

¢. Simple write-in of new informetion requires only 20 milliamperes
of pulse current in the wire overlapping the readout field,

d.- Wire operation 1s unaffected by temperatures from -~50°C to 125°C
by actual test.

6. Sensitivity to mechanical stress is practically eliminated by con-
trolling the magnetostriction coefficient.

f. The first uniformity ~ reproducibility data taken on samples from

two days of production show that 30% of forty 12 inch lengths of
wire are usable,

1 licat iiities

The plated wire memory elemsnt seems to be well suited for spacecraft
. apnlications. Although its high speed is not essential, it permits very low
average power operation and requires little energy storage because of the very
short duration of the drive elements.
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The plated wire memory is best suited for word organized (linear select)
operation. The non-destructi-e operation permits the use of maultiple length word
groups on each select line. This offsets the fact that a diode or selection means
is required on each word line by greatly reducing the number of‘WOrd lines.

Only a few sense amplifiers and information drivers are needed since each
amplifier or driver is gated to one of many bit-sense lines.

This study indicates that using demonstraged techniques and components
(not necessarily in volume production) a 1/2 x 10° bit memory operating at a 100
KC a.erage serial bilt rate would have the following characteristics:

a. Average powe: consumption at maximum bit rate of 260 x 10™3
watts and 240 x 10~3 watts during standby.

b. The size of the memory stack and one level of matrix selection
circuitry would be 121 cubic inches, The entire memory system
would be 210 cubic inches.

c. The weight of the entire memory system would 9.8 1bs.

Cne consequence of the high speed capabilities of the memory system is
that it 1e entirely practical to ha.e the memory serve several functions simul-
taneously. A single buffer can serve both the data output of the instruments
and the buffe:ing of accumilated data to the transmitte-.

1.3 Future Developments

A small, one year enginéering development effo:t has a very high pro-
bability of resulting in a feasibility model to demonstrate the performance set
forth in the preceding paragraphs.

In addition, the use of smaller wire for the substrate, which should be
inrestigated, will permit higher bit packing density and lower drive current re-
quirements., The use of integrated circuits in the matrix selection circuits that
are incorporated inthe memory stack may permit a 31gnificant reduction in the vol-
ume and weight.
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2.0 PRESENTATION QF

The technical data presented in this report is a ‘state-of-the-art” report
about the rapidly developing thin magnetic film memory element plated on a wire
substrate.. Some of the test techniques are not entirely satisfactory since some
wire samples show puzzling results. Without any doubt, some of the tests will
be significantly modified as will the characteristics of the plated wire by addi-
tional development.

2.1 Operation of the Plated Wire Memory Element

The element er study is a beryllium~copper wire, 0.005 inches in

diameter with a 12,000 A layer of coppe:, and a final layer of nickel-iron (80%-
20%) approximately 10,000 X thick. During the electrodeposition of the nickel-
iron, a circumferential magnetic field is gensrated around the wire to establish
an easy axis of magnetlization or the anisotropy axis. The hard axis of magneti-
zatlon is established along the length of the wire (Figure 2.1.1 and 2.1.2). The
magnetic anlsotropy establishes two stable positions for the magnetization vector.
The stored info mation 18 read by applying a magnetic field (Hp) pervendicular to
the easy axis (See Figure 2.1.1). Opposite polarity signals are induced by the
rotation of the magnetization vector from opposite stable states. The location
of the information along the length of the wiie is determined by the intersection
of the magnetic wire and a word line passing orthogonally over the magnetic wire.

When the stored information is read by applylng an axial field caused
by current in the word line (Figure 2.1.1), the magnetization vector is rotated
—eversibly through an angle less than 90°, The magnetic wire is coupled only
to the flux change along the easy axis and the rotation of the magnetization
vector induces a voltage in the wire which may be detected at the ends of the
wire. Thus, the magnetic wire also acts as a sense line. Since the rotation
is reversible, the magnetization vector returns to its original orientation on
the casy axis when the axlal fileld is removed. This results in a non-destructive
readout.

Writing is accomplished by applying a small circumferential magnetic
field (Hy) caused by a current flowing in the wire. This fleld is coincicent
with the trailing edge of the field caused by the wo:id strap and guldes the mag-
netization vector to one of its two stauble states depending upon the circumfer-
ential field directions.

There are two types of test fixtures which are used io evaluate the
plated wires. The first type consists of a hollow glass rod with a short solenoid
wound on it. The tranaverse or read current is applied to this solenoid. Plated
wires are inserted into the hollow rod end connections for the write currents and
signal outputs are made with pools of mercury. The mercury contacts ace approx—
imately one inch apart. By sliding diffe.ent sections of the wire into the solen~-
oid, the uniformity can be examined. This test de ice permits a rapdi examination
of many wires.
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A second device has been construc-ted to represent e partial memory
plane. Thia device allows the investigetion of performance versus various
packing densities, the effect of dirive line geometry, and also the evaluation
of various construction techniques. It consists of a g.ooved g 'ound plane over
which are placed flexible word lines. The connections for the write current
and output signal from the wire are made by soldering the wire in place. The
read current is applied through the flexible word 1ines and returns through the
grooved ground plane, The write current and the output from the wire also re-
turn through the grooved ground plans.

To obtain information relating to uniformity, reproducibility, and
feasibility, it is necessary to knmow how plated wires behave as a function of
various parameters such as Hyp, Hp, Hy, Hg, (See Figure 2.1.2), s‘ew of the sasy
axis, dispersion, plating thickness, and geometry of drive lines. There is no
convenient waey to examine all of these parameters in déteil using onse type of
test. It is convenient, however, to examine several parameters at one time by
&pnlying tests which have parametric displays.

Several tests of this nature have been developed and they have been
found to be superior to other technigues in some respscts.. Information relating
to-sicew, relative dispersion, disturb thresholds, cutput vs. Hp, or HT and uni-
formity can be obtained quite readily from these parametric tests. A discussion
of these tests as well as results obtained is in another part of this section.

E In a word o.ganized or linear select memo"y, the bit or wrlte current,
HL, 'will pass through a plated wire containing many bits of informatien. It is
negessary that only those bits along the wire that have a tranaverse or word
field applied coincident with the bit field be altered by the combination of the
two flelds. Also, it is necessary that the bits of information activated by a
biticurrent not concident with a word current remain undisturbed. Tt is appar~
ent,. therefore, that some 1imit or tolerance must be :placed on HL. If it

ds Hg, (Figure 2,1.2), it will allow every bit along the wire tg be disturbed
ce:switching will occur due to domain wall motion. .

: A reasonable tolerance to place on the bit current is f;zc% :for the
mirpose of evaluating the plated wires -since a tolerance closer to - 5% can be
achieved in an acutal memory using conventional techniques. The. worst case now
vedories that case where Hy, minus 20% Hp, is'used to write and Hj, p)“ '
_use;'to disturb or Hf, disturb/HL write = 3/2

At present wires can be ooexated with a nominal bit current of 20
m1=11amperes. For test purposes, a bit current of 16 milllamperes was used for
writing and a bit current of 24 milliamperes was used for alsturblng._ Upon
aopllcation of 109 disturb pulses, the output was reduced in amvlitude less
thén: 10%. See Figure 2.1.3a for pulse test pattern. If a sneak bit. eurrent
shtouild occur coincident with the word current, disturbing will occar Af the
sneak current exceeds some threshold. A typical value for allowah*e sneak cur-
rent. found using the test setup in Figure 2.1.3b is 15% of Hy and has been as
hign as 20% of HL on some wires. .

T
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n of a wo d current le.el, HT, 2al its toleran-e depengs
s of the wire. The normalized . i tive wor field is HI='D
whe o Ty (Figure 2.1.2) and Fp are the cnisotropy fiel’! and demagn-tizing PR
fieid of the wi ¢. Based on p:sesent d-ive line configurations ant wire character-
istize, a word ~uvrent equivaient to 300 milliampere-tu.ns is roguiced for an NDRO

of 15 mil ivolts vea’” with a switching speed of 4. nanoseconis.

When ooposite bits of inform:ticn are sto o ~lose togetie on a plated
wire, interaction nnd domain wall creen rust be investimated. Three vits of in-
form tion were sto ed on a wi e on 40 mii centers., 4 “one® was fi st stored in
the ¢omnter nositicn, then 2 c-=2ro was written into the two outside sits simuli-
taneo” sly one oil ion times while reading oniy out of the center oit so that the
efret upon the ermnlitude of the cente:r bit could be monitored pe ioiirally. See
Figufe 2.1.4. The output of the center oit decreasel 20% afte. the 1 st writing
of the zeroes an" remained constant the eafter indi-ating some inte - a:tion and
no creeping within the billion writes., It is felt tuct this 20% rewu-tion in
cntrot can be tolerated in o-ie that = vec ing density of 25 bits ~er inch be
czesized.  IF the »ac ing lonsity were veuced to 20 bits per in-h, the inter-
‘tien would be renuced.

v

Cne tyne of paramctric test tiiet has been (= ised consiste of applying
~ ¢ -iodically =~ite nating bit current ‘own the wire: while applyinc = constant
miise wo.d curent by means of a wo.d st . See Fipuve 2.1.5. The repetition
rote of the wor+ -urrent is rach higher than thet of the longitusin:: field.
Tne relati.e freguency of the two fields alffects the results in a manner not
o'y understood. Howeve:, hich relati. e { -equency iratios give values of write
troeshold apt ~ocative dlsoccison that ore asympltotic and ag“ee witb Jllse oper-
~tion ~f the wire. An X~=Y niot of outout vs. longitudinal fielc is ..isplayed on
21 oscilioscove f+om which the skew ana veiutive dispecrsion can be roadily observed.
(Picn-e 2.1.5).

The measuring ol the absolute disversion of & »lated wi. e annot be done
continuousiy piated wire but mist be done with o discrete section of plating.
sectioned wire, a aignersion angle of six deg ces was measured at a fi: st
More szmnles must be measured to reach a soun’® conclusion. A  typical
for a plated wi e is shown in Figure 2.1.6. The displucemcnt of this
Com the c:nte is inlictie of siew, This test is being uvce? as a nro=-
line monitor to examin: the wires coming out of the platine wnnaratus.
founa th=t the wires being platel were siewel e *o an exte n~1 field in
t . This s ew ~an be elimin ted by plarins the plsrtin~ cell in the
~e of a 0.7, field vaaliel to the wire. A Ti:ii of approvin-teiy 0.08
s
e

edu-ez the skew close to zero. & trial an’ e ror proress is being used
1 the slkew exactly.

ification of the abo.e test resuits in the i 'ity to deter-

A sright mod
~rent distu b threshold.  The periodi~=lly altern~tin~ bit current
w0 2veown in Fimire 2.1.5 is now the snv>lore of bit ~u-r-ent pulses. See Figure
2.7.%. The wo @ -ursrent perely p;obes the state of tle average m-gnotization

o !
ddte  the pit current causes tqe irreversible change in flux wi: esults in

i
=7 ~lot shown in I''gure 2.
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Fairly good correlation of these tests with operational tests can be
reported at this time. It is felt that a direct correlation can be obtained
following an improvement in the instrumentation and a better understanding of
certaln phenomena such as frequency dependency of some wire paramete:s.

Samples of plated wires were subjected to temperatures between -50°C
and +1259C while the parametric tests described abo.e were beimg performed. No
effect due to the temperature could be observed.

Experiments have been performed similar to those described by Figures
2.1.3 and 2.1.4 that indicate a packing density as high as 50 wo-d lines per inch
of bit line can be used. A word line width of 10 mils and a space of 10 mils
between adjacent bits on the same wire is sufficient to keep the interference
between bits at a permissible level. These experiments do not indicate the
optimum word line widih relative to minimum drive current. If the width of the
word line were to be increased, the ocersteds per ampere would decrease but the
demagnetization field would also decrease. Noiling that the effect field '"seen'
by the wire is the applled field diminished by the demagnetizing field, the

effective field strength vs. word line width can be computed. The applied field
foliows the rélationship:
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where H is the field produced from a single rectangular conductor. The fleld

contribution of a ground plane return is found by using the above eguation. A
computer was uged to solve the equation for various values of a, b and c and the
data interpolated to the specific -values of interest. To find the optimum word
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line width, the current necessary to produce a 90° rotation of the magnetic
vector from its rest position was calculated as a functiem of word line width.
The 90° rotation of the magnetization was chosen since the actual operating word
drive field will always be less than this amount. For these calculations 90°
of rotation was sald to occur when the differsnce of the applied field and the
demagnetizing field equals HK. _

Hopplied = Hdemag. = HE for 90° rotation

A minimum 18 expected in these plots since the demagnetizing field is inversely
proportional to the length of bit wire that is switched. This value is subtracted
from the word drive line sensitivity. The current in the word line required to
produce a given field is directly proportional to the drive line width.

Results indicate that a 35 mil word line gives the lowest value of
word line drive current. The curves in Figure 2.1.9 show output vs. curremnt
required for a 90° rotation. The results to date indicate that a space between
words of 15 mile is sufficient and a word line width of 35 mils is optimum,
thereby allowing a packing density of 35 mil word llnes on 50 @il centers or 20
word lines per inch of bit wire for minimum word readout current.

The test experience has shown that the presence of a transverse dis-
turbing field from adjacent bits is the primary limiting factor on bit packing
density along the wire. Reduction of the wire diameter is a simple means to
reduce the percent of word drive field that reaches the adjacent bit storage
area.’ Figure 2.1.10 ghows the relative field intensity as a function of distance
along the wire for two spacings of parallel strip conducto:s forming the word
drive 1ine, Note also that the drive sensitivity in oersted/ampere increases
for the smaller wire diameter reducing the required word drive current.

(a) Q structive (Coincident Current) Vs, ion-Destructive Readout
(Word Qrganized)

' - From a strict logical design viewpoint of a selection matrix,
it is obvioue that the word organized scheme will require more circuits than the
ooincident current memory. But when a large memory is viewed f om an engineering
approach, it is noted that the minimm logical design aporoach cannot be realized
with exleting techniquea. Some techniques that have to be used in a coincident
current ferrite core memory would be to split the sense and inhibit lines which
nmeans additlonal sense amplifiers and inhibit driver circuits. This is normally
required so that the half select core output does not become as large as the core
output. On a large coincident ere memory it is sometimes necessary to drive two
selectlion lines in parallel rather than in series so that the back voltage seen
by the driver is not too high. When these practical considerations are taken’into
account, it can be noted that the coincident current approach would require the
same, if not more, circuits than the word organized approach. It is therefore
concluded that there is no substantial penalty in weight, size or component count
for using the word organized scheme. But now let us mention some of the advantages
of the plated wire. Power - since the plated wire can be interrogated with a
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narrow current pulse waich effectively decreases the average power, low power
dissipation is realized. This is shown in the sample memory discussed in section
2.3. Another advantage is, that since it is a non-dest.uctive readout, it is not
necessa:y to re-write the Information afteir it has been read out. This means that
the bit or inhibit drivers are not required to be ene -gized except when writing.
This saves a substantial amount of power since the power dissipated during the
restore cycle is eliminated in the plated wire (non-destructive) approach.

(b) Add-essing

It was found while investigating the amount of bits that should be
read out in parallel, thet the minimum power level will occur when something be-
tween five to seventeen bits are read out in parallel. See Figure 2.1.11., Such
a coniition exists since in the bit serial condition, the word groun »ower becomes
the prominent factor while for the fifty bit parallel condition, the power dissi-
pated by the read amplifie s becomes prominent.  The increase in power for reading
out bit serial would contribute an additional 0.4 watt of power while the fifty
bit parallel would increase the power by 0.2 watt. In the sample memory outlined
in Section 2.3, a parallel read out of seventeen bits was chosen for its advantage
of simnle selection and aporoaching the minimal power level., It was =ssumed for
this calculation that the system would be operating at a word cycle time of 450
usec. It becomes obvious that for slower cy-le times or extended inactive pe.iods
it would be preferable to use less amplifiers or dis~onnect D.C. nowe.'. A sample
calculation Is chown on Page R2-i6,

(») Read Rate

Anctner portion of the investigation covered the effect on power
cissipated when increasing the wo d rate. This is shown in Figure 2.1.12. for
a 17 parallel bit read out system. This data indicates that the system discussed
can be run at four times the speed with only a slight increase in power. This is
obviously desirable since it was indicated fo. missions in later yecars the desired
program word rate would be increased. Since the plate’d wire element has no trouble
overating at these speeds, no additional circuits a:e required to increase the
sveed by a fa~tor of at least ten. The power required to operate the memory at
highe: speeds will increase, of course, but not proportionally since the standby
power 1gs a major portion of the total powe:. A sample calrulation is shown on
Page 2-16, '

(d) Word Iine Selsction °®

4 very straightforward method of selecting one of many word lines
is to use a simple diode matrix and a mumber of drivers and switches equal to the
square root of the number of word lines. This is the selection method used in the
suggested memory systems in Sectlons 2.3 and 2.4 of this report.

An alternative is the switch core matrix of the tyoe shown in Fig-
ure 2.1.13. There is now a switch core for each wo:d group line in place of the
diodz. The primary windings may now be part of a simnle diode mat-ix, but a more
attrartive scheme is shown in Figure 2.1.13. In this cirecuit the switch cores
vrovide both functions of add.ess decoding and word group line sslection. This
narticular method does not-involve a D.C. reset bias which is the orinciple cause
of wasted powe: in other fo ms of switched core matri-es. The ‘design of a large
mitrix of this tyne is exacting and a complete assessment of its merits relative
to transistor drivers and a diode matrix requires exrerimental verification.
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A second valuable faature of this switching core matrix iz that the variation on
the output current is much less than some configurations of switch core metrices.

The simplest possible decoding=drive switch core matrix uses a D,C. blas
to hold all cores at a bias point such ag -3 unitas of mmf. shown in Figure 2.1.13,
Each of the fllp flop driver currents is independent and the toleran-es that can
be maintained on these currents limits the maximum matrix size. In the particular
example, the blas current is constrained to be the sum of drive currents from two
of the three address flip flops. Thus, switch core number 7 can never exceed
zero mmf. regardless of current tolerances. The flip flop driver im the least
significant position needs to have reasomable tolerance control since it provides
the actual drive pulse and reset pulse.

For a larger matrix, say 256 switch cores, & flip flops are needed and
7 of them do not need close tolerance control of the drive current so that the
advantages of this type of matrix are more significant. The gating feature elim~
inetes standby power except in the low level flip flops. The use of the indepen-
dent read and reset driver in the least significant address flip flop means that
only these drivers need to have fast rise times. All of the other drivers may be
as slow aB the cycle time will permit thus saving additional power.

Although a transformer is generally more reliable than a diode, a com—
plete evaluation mist consider all of the extra connections and additional costs
involved. The temperature depandence and undesirable sneak currents also require
a more complete analysis than could be performed at this time.

2.2 Reproducibility and Uniformity

Samples of wires plated during the afterncon of each of two days were
collected and cut into lengths of approximately twelve inches. Forty samples were
taken. The wires were then examined using the paraméter tests described in Sec—
tion 2.1. Although the mumber of samples was fairly small, it was felt that it
was worthwhile to examine the uniformity of thie group.

: Each sample was operated under identical conlitions and the bit current
(information drive current) necessary to write 508 of the saturation output was
recorded for the entire length of all wires. The maximum and mimimim bit curremt,
expressed as a percent deviation from the average drive required to obtain the
specified output was plotted versus the per—cent of wires having the given devia-
tion. The results appear in Figure 2.2.1. The distribution has a pesk at 4.8%
deviation.

Results of the above tests were then examined to see how many wires
would be suitable for use in an actual memory. For a wire to be acceptable, its
entire length has to be usable, On this basis, the yeild was 30%.

The definition of usable wires depends upon the disturb threshold and
its relationship to the write threshold. Write threshold for a wi e length is the
maxirmum it current needed to write 50% of saturation at any point along the wire.
The disturb threshold is the least amount of reve:sed bit current that causes
stored info.mation, at any point along the wire, to diminish to 90%, after many
disturb pulses. Therefore, usable wires must all have a maximam write threshold
current below, and minimum bit current disturb above threshold one given value
of bit current.
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Magnetostriction deta was also gathered firom these samples of wire.
The H; of the wi.es was measured with a 5 kc B=H apparatus. These measursments
were made with and without a tensile stress applied to the wire under test.
Past experience with planar films Indicate that a first orde. eliminstion of
magnetostriction is present if Hk does not change when the wire is stressed. The
wires had an H) of 3. 0% .3 oersteds in the unstressed condition and an AHk/Hk of
2 to 7% or a AHk from -.06 to + 2.loersteds when stressed. A maximum of
20 grams 18 spplied to the wire so as not to exceed the elastic limit,

2.2 Command and Program Memory
2.3.1 G8yste ign

In a Data Automation System for a spacecraft and in particular, for -
the Mariner spacecraft, an advaniageous system for generating commands to the
vaerious instruments would be the use of a random access, micro-programmed BOWOTY .
The - system described in this report has these features and others. One important
feature of the memory is that in-flight alteration of a program or any part of a
program ig permissible whlle another program is being executed. This has been
agcouplished without adding any circult. A system block design of the memory is
shown in Figure 2.3.1. In the design of this system, advantage was taken of the
fact that by using the plated wire which has a simple NDRO property and e fast
switch time, various circuits could be used for more than one function or words
could be read out bit serial rather than bit parallel. A good example of this
would be the sharing of the A and B registers that are shown in Figure 2.3.1, or
the readout of the inatructlions by seventeen bit perallel rather than all fifty
at once.' Another feature is to use a portion of the plated wire memory ag e rege
ister for temporary storage. This allows one to eliminate the additional elec-
tronics for a register. ’

The basic purpose of the micro-program approach is to generate programs
by selecting various sub~programs in varying sequences. For the sample memory we
have assumed that the instruction word (tells instrument what to do) will be fifty
bits. Let us assume we would like 123 master programs . and that thess 128 master
programs are to be made up by assembling sub-programs out of a list of 500 sub-
programs, Let us alsc assume on the average that there are twenty sub-programs
per master program and 20 command instructions per sub-program. To allow for a
50 bit command instruction, 123 master programs and 500 sub-programs we require
a memory of 530,096 bits. The proposed memory has 557,056 bits.

o Referring to Figure 2.3.2, the memory box is visualized as containing
three sections. The first section we will call the "Locator Store”. The second
section, the 'Master Program Store? and the third, the "Sub-Program Store’. The
"Locator Store' congists of the fiist 128 words or as many words as the desirable
number of master programs. These words are 17 bits long, each one denoting the
starting address of a master program. The "Master Program Store’ consists of
approximately 128 x 20 or 2560 words. These words are also 17 bits long, each
one denoting the starting address of a sub-program. The "Sub-Program Store!
stores approximately 500 sub-programs (10,000 words). These words are 51 bits
1ong, each one being an instruc~tioa for an instrument. With this organization,
it is possible to locate a 'Master Program” by the content of a "Locator" and
then locate a "Sub-Program" by & "Master Progrem" word.
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The Cent:ral Control ani Syachronizer of the spceraft will initiate the
mzrory's micro-nrogram by sen’ing a vrogram call signu. =nd a ‘Locator” zddress,
A "Lorcator' add. ess consists of seven binary blts. The "Locator' then locates
the starting address of a "Maste  Program”. A Master Program is in reaility a list
of consecutive memory lorations which may vary in number, or be 20 locations as
in our sample. T 2se 20 lo-ations represent 20 memory words earh of whirh contalns
17 bits of information. The memory micre--rogramming feature will allow sequen—
ti=al examination cf these moster program words. Each word will direct the memory
to the beginning of one of 500 sub-programs. Here again, the sub-nrograms may
vary in length bnt Yet us assune they ave 60 consequtive 17 bit words. The micro-
progran will resd sequentini’y the desir:: sub-progrom l1ist sen’ing the contents
of th:se locatione to the 0 7 & 5 in 17 bit parallel £35.m, Three words f.om this
list will make un the 50 bit instru-tion word callel for as well as an extra bit
for eniing a sub~-rogram., %o h time the ¢ 0 & 5 ~catls for an "instru-tion word™,
threc groups of 17 bits ave sent from the nemo:y {ex~luling the 5ist bit) to the
G0 & 8. When the last woo" of ths "sub-coogram" hos been read, tihe nemory auto-

¢

o

5
netd cnlly exemines the next wor J of the muster program Tist, an’ exscutes another
gun~ogram.  Thes: oparatloﬁﬂ, cycles repzat until en ending bit worears in a
vord of, the msster ;rogram. 1t this tine, the memory is availlabie for another
nester progranm.

Wnile the memory is seniing command instiuctions to the instiunments,
during the time the memory is waiting for the next instruction wori requ.st from
the © C & 8, it is free to accent an! w-ite info-mation into the memory. While
is the micro-prograrming <ontrol that sequences through a suo-program or a
mester program, the memory proper is comnletely raniom access. Hence, in-Tlight
Tteration of any section of the memory is possible.

2.2,2 Lociz Degirn

N
To verify the s~lieme outlined, a flow chart (Figure 2.3

pare’, Examining this in conjunctlion with rlgure 2.3.1 will snow Ttho
cofoom more thon oae function. he menory address cscoder with a

. stion was able to be the decoder for both the A an’? D register

counter (CRA and CR2)., Onc set of read amolifiers «oull be used to irive either

ORI n» CRE. The register ~ountess a.e usedl both for counting an? temporary storage.

Onz significant featuie is the use of a nart of the memory as a storage reglster

to vemember the adil-ess of the a:x:xt mastz - program word,

.3) was pre-
t the msjority

2.3.2 Jumnary on Ci--ults

2 A

In this section, the recommenced ciruit apz ozl is 01t ined. A
sumry of the power 107 conponent ~ount is shown in Table 2.3, The basic
cir uits and aécgjatlons that were usad to achleve thege results are found in Sec~-
tion 2.3. 5. '
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Power Component “ount (not in stack)
Legin Circuits 163.9 mw 26737
Sense Amps 75.5 mw _ 306
WorG Selection 13 mw 762
Sense~-3it Selection 3 mw 186
Cireuit Total (Read) 261 mw 3944
Weite Driver 2 mw R7e
Total (not ia stac) 263 mw 4220

Size @ 50 romoonents/cu in = 85 cu in
Weight @ Swe-ific Gravity of 1.5 = 4.3 1bs.

TABLE «2.3.1

The circuits that we.e selected put a high oriority on low vower cdissi-
pation. Since the plated wire element can operate at high speeds (4U nsec), advan-
tage was taken of this fact. Since the memory would be required to read out on
command instruction only every 450 usec, it becomes obvious that a system with
pulsed power snould be used. Thls system has only two sections where D.C. vower
iz vsed, They are the logic gates and the read amplifiers. The logic uses trans-
istor—transisto~ logic which requires D.M. power. This type of ~ir-uit offe.s
extreme low D.C. nower capability with compactness and simplicity. Tt uses only
one sunply voltage and few components to perform a logical desision., The read
ennlifier is the other cir-uit that presently dissinates D.C. power. The first
thrze stages of the amplifier are required to operate Class A due to the small
cignz! output from the plated wire relative to the forward drop of c¢iodes or
transistors.

Assuming a packing density of 50 components ner cubie inch for 4,220
comeonents gives a volume of 35 cubic inches. The volume is calculzted based on
the us2 of conventional tyve components rather than integrated or microelectronic
circuits. This is done because it is felt this would provide for = worst case
size estimate. Further, not yet proven reliability of integrated cir-uits and the
nregent non-availability of low power integrated circuits prevent their use in the
immediate future, If at a future time when these two objections are removed, inte-
grated cirecuits used in the memory will male it all the more comvnet.
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243, epor ck Des

The 557,056 bit memory is arranged so that there will be 1024
word group lines and .1& words of 17 bits each on each word group line. In this
example, word group 1ind& are then dividad into four groups of 256 each. Each
such group defines a frame, A frame is, essentally, a metallic ground plane (sup~
ported on a foamed substructure) which is grooved with 544 channels, 272 channels
to a side.,' The plated wires rest in these grooves and then continue to the next
three frames in a manner shown in Figure 2.3.4. Thus, the plated wires thread the
entire stack of four frames. Each word group line, however, passes over only the
two sides of its respective frame. Each word group line. and bit (plated wire)
line are matrixed in the stack aasembly, with the use of transistors, diodes, and
resistors. After matrixing, the number of connections to the memory logic circultry
from the stack assembly is reduced by a factor of twelve. The mechanical assembly
of the four frames into the memory stack i1s asccomplished with two magnesium pressure
plates and silicone sponge rubber spacers between the interconnected frames, end
between the pressure plate and the top and bottom frames (See Figure 2.3.4) In this
form, the memory stack assembly is 121 cuble inches and wieghs 5 1lbs. In the astack
assembly there are 544 transistors, 1088 resistors and 1024 diodes. In the eaccom—
panying logie circuiltry, the packaging density . is 50 components to the cubic inch.
This results in 85 cubic inches required for the supporting circuitry. The total
volume is 206 cubic inches or 0.12 cubic feet.

2.3. ix
L. Circuit Requirements for Command and Progrem Memory
4. Logical Functions

High Power
Inverters Delay Flops Amplifierg
Progrem Control | T4 24 14
" Memory Control | 8 14 ‘ 8
A Registers and Gates ~ 88
B Registers and Gates 96
Write Gates 34
Information Drivers 50
i

350 338 22
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B, Cir-uits
Sense ;smnlifiers - 17

r

5it Drivers - 17

Word Line Selection Switches - 64

o

Bit 2ns Sense Matrix Gates 32 x 17+ 17 = 501
Word Group Line Diodes - 1024

II. Logic Cirruits

Tuvertsr=Transisto —transistor or modified transistor-
transistor logic is y"oposed. 3V sunnly and
100 ua per circuit are anticipated, making 0.3
mw per ~ir-uit., in 1nverter cir-~uit probably
has six components,
High Powar Amplifier-The high power amplifiev drives 16
invertsr ~ir-suits. Assuming a circuit gain of
4, the input to the high vower amplifiew is then,
16 x 0.3 4 C.3 = 1.5 nw per circuit. Component
4 wise, it is probably equivalent to one
inverter
4
Delzy Flor=The detay flop provi’es timing controdl. It is
roughly ccouivalent to two inverters giving 0.6 mw,
12 components per circult.

IIT. Sense “mylifiers

L~stepe amplifier with the first three stages at 0.5 ma
and the oatput stage normally off. Power per cirrult =
0.5 x 3 % 3V = 4.5 ow and 12 components

TV. W-rd Selezticn Switclhes (Fig. 2.3.6 shows a possible cir-uit
conficsuration)

32 outnut transistorms JPI

32 inte mediate " (21996) PIP

2/, Pre-irive: t-ansistors PUP

22 pre=iriver transistors WP
d

2 diodes
110 resistors
110 canacitors
_32 transformers
334
X2

768 Components

in addition 1024 line diodss (in the memory stasi)

Powe. = ..5 JS x 3 oycics x 12 x 12v x 1.5 (effi- iency) = 13 mw

LJ




2=1, Jorember 30, 1962
Standby Fower (Jue to toansistor leakase curreat
o o

Wors D.ivers

32 x max IgRo @ 25°C x 2 10°C . x Aging Factor x Supply Voltage

3

-3 _Z
32 10 ax 2 x 4x 6v=06z x10°w (negligible)

1

Word .mplifis=rs

-8 .3 -
= 46 x10 aX¥R” X 4 x3v= 44 x 10 6 (negligible)
TOT.L WORD SELSCTIOW STAGDZY PCGWER = 2x (624 44) 1070 = 212 x 10"6w (negligible)

V. 2Bit-Sense Selsction Mat-ix

32 PP pre=liiver traasistors
22 Pd pro=duiver transistors
32 Diodes

100 Resisto: s

186 Components

also 602 gate t.ansistos9 | o
1216 gate cesisto s } lé staglk
Powe. = 1,0 us x 3 cycles
450 us

X 3'ma x 3v x 34 circuits x 1.5
(efficiency)-3 mw

45C us

Redo o Systum wat Loeic Desiem

» wulfe memory usiag the pouted wive as the memory eioisnt is proposed.
Tiz vuffer recelives vata © onm the scientific instrunents an dum:s biocks of data in-
to tie tape unit or presents the data to tie transmitbes. The sizc of the buffer
memory is determined by the uata input cutes, Jata output rutes, tooe realer sneed
adl menory cycie times.,

ioon the deseriztion of the ~ommand menwory, the me HV‘J scecess tinme is
to5 us. This time is short enough compured to the 11)‘t ani outout cates reguaired of
tie ouffe - that interlasing of insut aul outmut is me:missible ani o single memory

is suffi-ient. Iurthemore, weiting iato an? eading out of the neumo:y are done in

Lit serial fo.m, thus not on'y minimizing the mmber of read anoiifiecss and informa-~
tion drivers, but 2lso minimizing the overall .ower requirement. This last is true
werause the average operating rate of the memo-y is so low (set by the data rate f-om
the dinstruments) that the standby powe» of one rea! amplifier ex cels the interrogation
dive power. (See Se-~tion 2.4.2 for nower —alculaticns.)
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issundng it talizes 25 ms to stnot the tupe unit, and assuming the highest
speec of the tape is S0 thousand bit/second, s wasteful peblod equivalent to 2000
bits results eve y time the tape is energized. If 2 99% effiien-y is desiﬁed then
the buffer -asacity should be 200,000 bits. If the anove assumptions should
chonged, the size of the memo.y woull be correspon’ingly diffe-ent. The organlzation
of' the memory, however, would be essentiﬂlly the same with the size, power, weight,
anl ~ircuit count corresponiingly modifisd.

Refe.ring to Fig. 2.4.1, data f om the Sﬂientific instiruments may be
sent to the Input Register wo.d Sefldl bit parallel at a rate determined by the
sampling rate of the inst uments, € wo s/ secomnd neak. 4 16 bit word is shown here
5 an example., The data 1s written into the memory in bit serial loim, a word at

time. When the memory is filled, a rcal-write tape order is initisted. The data
5 then read out of the meno-y 1nto the Output Register in bit serizl form. If an
bit parallel tape unit is used, the Cutuvut Register is an 3-bit egister. Waen the
Outoet Regists: is filled, the characte: is read into the tape unit. At the top
sveed of the tape, the memory cun be emntied in about 3 seconds. Since the tape speed
is muzh slower than the memo:y spveed, writing into the memory can be uninterrupted
waen reading into the taupe. In this design we have assumed that data can be written
synchronously £ om the tape to the transmitter. If this is not the case, with a
slight modifiration of the control ecirruitry, information can be w-itten f:rom the
tzpe into the buffe. memory. /s 1s also shown in IFiguce 2.4.1, 2t an order f.om
the CC & S unit, data can be transfe:red f om the buffe . memory into the transmitte..
It is suggested ? bits of data e t ansfe red in paraliel into « shift egister in
the transimittcs. Using this method tlie memory will uot be tied up by the siow rate
of the t ansmitte -,

jav]

O e

Taling advantage of the simple HDRO property of the plated wire element,
tae memory is to be o-ganized in 1024 woils x 456 bits. A dlode mutiix would be used
to gzlect the wo 1 lires and u transisto- gate mat;ix for the Lit lines. These

2itoizes wouid be the sams Uypes as those describel in the comail imory.

ru 03 m

Fig. 2.4.2 siows the buffe: memory in fine: lo
l.4.3 shows a loglcal flow choirt. Table 2.4.1 lists tue c
Le memory. C

ical blicoks and Fig.
rcuit cequirements of

c+ IS

TIRIE 2
CIRCUIT REQUIREIZ.IC POR BUFFER TRMCRY

I. logiral Iuii-tions

4. Inve. teors 265
B. Delay Flops 27
C. High Power implifiecs 12

I7. Circuits

A. Seasz Amplifiec .

B. PBit Driver i

C. Word Liize Selz-tion Switches 6/,

D. Bit and Sense Matrix Gates 272
iz, Misrellaneous

A. d Line Selection Diodes 1024
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2 : ed Power rement

The highest read repetition rate at which the memory will operate
ig 30 keps at tape read time. It is, however, for at most about 3 seconds in

~ every half hour, The highest average read rate is equal to the highest write

rate. This is 8 words/sec x 16 bits or 128 bits/sec. The power requirement is
hence estimated for 3 conditions; namely, (1) standby, (2) average power over
a long period, and (3) short term power (corresponding to 80 keps).

1. Standby power

Logic circults (269 inverters + 27 delay flops x 2) 97.2 mw
12 HPA x 1.5 mw 18 mw
Sense Amplifier 4 stages x 3vx 1 ma 12 ma

TOTAL 127.2 mw

2. Average Power over a long period

Word driver la x 12v x Qzlaﬁg x 1.5 (efficlency) 0.45 mw
Bit-Sense Mat:rix Gate 17 ckts x 3 ma x 3v x i—-"f 0.04 mv
: 0.5 us
Bit Driver 20 ma x 3v x % ms 0.004 mw
Logie circuit - ‘ 115.2 mw
Sense Amplifier | 12 ow
' TOTAL 127.7 mw
3. Short teim power ‘
i 0.1 us
Word Driver la x 12 vx 1.5 x 12.5 ue . LA mw
us
Bit sense matrix 17 ckts x 3 ma x 3v x 12.5 us 12.2 mw
Logic circuit , 115.2 mw
Sense Ampiifier 12

mw
TOTAL 283.4 mw

2.4.3 FEstimated Size and Weight

Basing our estimates on those obtained for the cormund and program
memo:y, the size and wsight of the Buffer Memory should be epproximu:tely 145 cubic
inches and 7.3 pounds, respectively.
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Sample Caleculutions of Power vs. Jo. of Bits Read in Parallel
. (Figure 2.1.11 = Section 2.1) .
For these -alculations it was assumel thut a conplete program must be *ir—
culated within one eighth second and that = ty;ieul program consists of 256 word

Therefo. e, this means that zn inst:uction must be read every 41)/Lsec.

It was then found that the power could be expressed by the following
equation:

Pporyy, = Power(fixed)+ P(wod—amplifiers)+ P (wo.d-i: dver) 4

P(senss=-matrix )4 mumber sense amp x P (sintle sense amp) for a 17 bit
parallel read out the power isi

= 192.3 + t1 (723)+ 1o (11,100)+ t3 (1333)+ 17 (104)
: T T T 17 ’
Assume: t1 = t3 = l.5u358c X oycles
tp = 0.15 ps. x cy-les

Instruction rate = 45Q;Lseé. =T

where ~ycles a e the mumper of pulses necessary to inte rogate the memory to read out
fifty bits.,

Prym:

TOTAL
t‘ . \ -

= 192.%%. (2,056)—{———»5— (11,300) + 104

1’1‘0)+_104 = 329 mw

1
G
I\)
b.)

+
—~
t;
I\)
Q
U
jon
g
T
R

<]

——

1 AN

Szmple Caloulations of Power vs. Instru-tion Rate (Figure 2.1.12-3ec. 2.1
The »niot of total power vs instruction rate was made for the system using
17 bit parallel read out. The same basi: equation was used that was used fo. power
vs. number of bits real in parallel,
Pporil, = Powsr (Fixed)+ P(wo:d emp)+ P(Worsd ‘,1vefs\+D(svn°e mztrix )+ P(3ense amps)
Propag, = 192.3+ 41 (2,056)4 tp (11,100) 4 104
T T
Assume t; = 1.5 msec x cycles
where cy-les = 3 cysies to read out zn instiua tion

to = variable instru-tlon rate

O
O
Lo
+
N
\.\‘
=

PTOT;’LL = 1 6 + ___‘ : _.____..2/( -9 lo by + - \’4’
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Word Hard Direction

Word Line Hard Direction

Straps

Magnetization Vector Position .
During Interval of Word Pulse

Easy Direction

Magnetic Wire AT , Magnetization Vector One Rest Position

Zasy Direction Field

Bit Current

MaGHETIZATIO | ViCTOR PCSITIC.IS DURING READ OR WRITE

FIGURE 2.1.1
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Easy Direction Hysteresis Loop
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Yard Direction Hysteresis Loop
B-H CHARACTERISTICS O PLATED WIRE

FIGURE 2.1.2
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CC & S
(Address to write) -

Read
Amplifiers

¢

From read
Amplifiers
B

A Register

Step A ——— 3

CC & S
(Locator Address)

Clear
B Register

- & (lear

Memory

Timing J

Memory Address
Decoder

]
(17/557,056 D

A

Plated Wire Storage
557,056 Bits

Program
Control

Y

!

CC & S

L.
iWrite Amplifier%

Read Amplifiers

(Call) ‘(::>fl

Write Gates

?

P

|
Information:Output Drivers

L 1
1

Figure 2.3.1

A & B.Registers

ﬁ-——<::>————CC & S (information to write)
v
T 1

50 )—, Instruction Word %o
CC & S



LOCATQR SIORE
128 locations x l\.? bits = 2176 bits

MASTEE FROGRAM SIQRL
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Proposed Programmed Memory Logical Flow Chart
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«0 CONCLUSIONS

1. Thin magnetic films have the necessary mechanical integrity for spacecraft
application. The Curie temperature is so high, approximately 600°C, that other
congiderations will limit the operating temperature range. Magnetic films are
manufactured with zero magnetostriction coefficient so that necessary protection
against shock and vibration during operation 1s reduced.

2. As shown in Section 2.1 of this report, a reduction in plating thickness from
10,000 2 to 5,000 £ will reduce the required drive by nearly two-to-one. Past
experience indicates that the switching time will also be reduced so that the peak
voltage of the output signal will not be reduced proportionately to the voli-sec-
onds. In addition, plating on smaller diameter wire will permit increased bit
packing density, lowsr drive power with no loss of output for a given width of
word line. These two items, plating thickness and wire dlameter, offer very at-
tractive approaches for developing a memory element whose properties are optimized
for spacecraft applications.

3. The plated wire memory element has the following advantages that relate di-
rectly to spacecraft memory systems applications:

8. Nondestructive readout
. b. Non-volatile, storage

c. Simple "write-in" mode. It is possible to write new information
into one or many bits on & word line without disturbing the re-
maining bits.

d. Verj'low bit current drive and modest readout current drive.

e. Very low drive power because the induced back voltage on the
readout line is small, and the drive current duration is very
short.

f. The bit packing density is very high, approximately 800 bits
per square inch of memory plane which is 1/8 inch thick including
support, eircuits and connectlons.

4. The power associated with driving the word and bit currents in the memory
stack 1s almost negligible in comparison with the power consumed in the logic
and sense amplifiers circuits. This is true because "D.C. level" logic is used
instead of & pulse logic that usespower only to transmit information. Reduction
of word line drive current is significant only in terms of the peak current
capability of the drivers.

5. The thin magnetic film plated wire memory element cannot be used to fulfill

a memory requirement of 108 or 109 bits in the next 3 to 5 years. Optimistic
estimates of production cost of such a memory are in the 5 cents per bit range.
Depending on the exact situation the upper size limit is probably around 107 vits
because of the cost factor. These cost estimates were not make with precision
and details have therefore not been included in this report. It seems highly
improbable that any all electronic, completely random accessible memory can be
used in a 108 or 109 bit memory in the next 3 to 5 years. The use of mechanical
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motion to place new information storage media at write and read stations provides
a cost advantage that may never be overcome by any electronic random access memory.

v

3.1 Recommendations

-

1. Continue the development of the plated wire memory element to optimize
its operating margins,

2. Develop a smaller diameter wire substrate, perhaps 2 to 2.5 mils with a
thinner plating of 5000 £ or less. This will permit higher bit packing density and
reduce the drive current for possible compatibility with integrated circuits.

3. Develop logic circuite, registers, and matrix switches needed for the type
of memory described in Section 2., Specifically, circuits that have a minimum or
zero standby power with adequate noise protection. Based on experience with large
scale very fast computer systems the 3 volt logic signals asgsumed in this report
are very conservative and it seems possible to use a smsller signal voltage.

Develop a switch core matrix with adequate rise time in its output drive current
to meke a definitive comparison to the diode word line selection matrix.

be Combine items 1, 2, and 3 in a 1 year engineering development program
that will result in a feasibillty model., Thie model should demonstrate that a one
half million bit memory can be operated at a 100 KC serial bit rate with 260 milli-
watts, A full size memory stack should be built with a portion of the bits and
circuits operating to demonsirate the size of 21C cubic inches. and weight of 9.2
pounds, The random access, in-flight writing, and non-volatile storage and non-
destructive readout meke it very attractive for future spacecraft application.



